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Single scattering particles, especially noble metal (plasmonic) nanoparticles, based analytical techniques are attractive recently 
and becoming the research focus of the light scattering analytical techniques. In this mini review, we summarize the single scat-
tering particles based analytical techniques in the past decade including single scattering particles counting, single plasmonic na-
noparticles sensing, and single plasmonic nanoparticles tracking/imaging. We emphasize the discussion on the single plasmonic 
nanoparticles sensing that combines with dark-field microscopy and resonant Rayleigh scattering spectroscopy. 
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Scattering particles exist everywhere from the nature to the 
nanoworld, such as dusts, fogdrops, chromophore aggre-
gates, and plasmonic nanoparticles [1,2]. Using some of 
these scattering particles, resonance light scattering analyti-
cal technique has been developed for biochemical analysis. 
For example, chromophore aggregates were firstly used for 
biomolecules detection, such as nucleic acids [3,4]. This 
technique was always carried out by simultaneously scan-
ning the excitation and emission monochromator a spectro-
fluorometer. Thus, the light scattering spectrum of chromo-
phore aggregates can be recorded and used for analytical 
purposes. Thereafter, Mirkin and co-workers [5–7] used 
plasmonic nanoparticles with excellent scattering property 
for biochemical assays through scattering light color differ-
entiation between disperse nanoparticles and targets induced 
aggregated nanoparticles. However, above mentioned ana-
lytical procedures always focused on an ensemble of scat-
tering particles and suffered from the disadvantages of high 
sample-consuming, low sensitivity, low spectral resolution, 
and rare application in biosystem. These drawbacks prevent 
practical use of plasmonic nanoparticles in most cases.  
Accompanying with the development of new optical de-
tectors, particularly imaging detection system, scattering 
signals from single particles can be easily detected. Thus, 
single scattering particles based analytical techniques have 
been developed for biochemical analysis and are becoming 
the mainstream of light scattering analysis recent years. 
These techniques minimize the sensing platforms to a single 
scattering particle instead of an ensemble of scattering par-
ticles and seem to provide the possibility to address the 
above mentioned drawbacks. In this mini review, we sum-
marize the single scattering particles based analytical tech-
niques in the past decade, including single scattering parti-
cles counting, single plasmonic nanoparticles sensing, and 
single plasmonic nanoparticles tracking/imaging. Plasmonic 
nanoparticles intrinsically possess excellent scattering prop-
erty and have been used widely used as single particles 
sensors. Our discussion is emphasized on single plasmonic 
nanoparticles analysis based on its dielectric environment 
change, plasmon coupling, plasmon resonance energy trans-
fer, and chemical reaction using dark-field microscopy and 
resonant Rayleigh scattering spectroscopy.  
1  Single scattering particles counting 
Single scattering particles counting, as its name suggests, is 
1970 Liu Y, et al.   Chin Sci Bull   June (2013) Vol.58 No.17 
an analytical technique by counting the number of single 
scattering particles using the equipment that can detect the 
light scattering signals. In 2003, we developed a light scat-
tering imaging technique as a pioneering work for the de-
tection of proteins by counting single scattering particles of 
,,,-tetrakis(p-sulfophenyl)porphyrin (TPPS4) aggregates 
[8]. In the absence of proteins, free TPPS4 shows low scat-
tering light (Figure 1(A)), and it is hard to observe the light 
scattering particles. While in the presence of proteins, which 
also has low scattering light (Figure 1(B)), J-aggregation of 
TPPS4 occurs, resulting in strongly enhanced light scatter-
ing signals (Figure 1(C) and (D)).  
Herein, a home-built optical system was introduced to 
counting the scattering particles, which were hold in a small 
cell and simply illuminated by a laser beam and a fluores-
cence microscope coupled with a cooled charge-coupled 
device (CCD) were employed to observe the light scattering 
of the aggregates. It is very easy to observe the J-aggrega-    
tion TPPS4 particles in the focus plane and the light scat-
tering images then could be easily captured with a CCD 
camera. The aggregates observed in the focus plane could 
be expressed as white spots (Figure 1). As the concentration 
of protein gets higher, the white spots increased, and the 
counts of the spots were linear to the concentration of pro-
teins, which forms the basis of proteins detection using the 
single particles counting technique. 
The development of dark-field microscopic equipment 
greatly push much lower the detection limit of light scatter-
ing technique because of the greatly reduced background 
signals. One of the good evidence is the highly sensitive  
 
Figure 1  Single scattering particle counts of TPPS4 aggregation species 
induced by bovine serum albumin (BSA) at different concentrations. Con-
centration of TPPS4 is 0.1 mol/L for (A), (C), and (D); no TPPS4 was add-
ed in (B). BSA concentrations (ng/mL): (A) 0; (B) 2000.0; (C) 60.0; (D) 
180.0. The subframe area used for counting is 320×280 pixels (~0.02 cm2). 
Threshold, 40; rank filters, 3. Reproduced with permission from Ref. [8], 
Copyright 2003 Elsevier. 
detection method of DNA as He groups [9] proposed by 
counting single scattering Au nanoparticles or their aggre-
gates in free solution using flash-lamp dark-field microscopy. 
In the presence of target DNA, sandwich DNA hybridiza-
tion induced mono-dispersed Au nanoparticles aggregated 
and the observed single scattering particle counts decreased 
under the dark-field microscope coupled with a flash-lamp 
illumination. By counting the scattering particles, the au-
thors achieved a sensitive method for DNA detection with a 
limit of detection (LOD) of 0.1 pmol/L.  
For the single scattering particles counting technique, the 
sensitivity of detectors for single particles counting partly 
determines the detection sensitivity. Thus, development of 
highly sensitive instruments for counting single scattering 
particles is helpful to push the detection limit further lower, 
even down to the single molecular level. In this aspect, Yan 
groups [10] proposed a highly sensitive method using flow 
cytometer for size and concentration measurement of Au 
nanoparticles by detecting the scattering signals. More im-
portantly, low concentration sample at about fmol/L level in 
a small volume (L level) can be measured within several 
minutes. Inspirited by this, by combining with HSFCM, the 
detection sensitivity of single scattering particles counting 
technique can be further improved. 
2  Single plasmonic nanoparticle sensing 
Plasmonic nanoparticles, especially Au and Ag nanoparti-
cles, have gained great attention in the past 15 years. These 
nanoparticles have excellent light absorption and scattering 
properties, arising from the collective coherent oscillation of 
free electrons, termed as localized surface plasmon reso-
nance (LSPR), when they expose to an electromagnetic field 
[2,11,12]. And LSPR is tuned by size, shape, surrounding 
medium, and plasmon coupling of nanoparticles [13–18]. 
Based on this, ensemble of resonant scattering nanoparticles 
has been used as LSPR sensors for bioassays [13,19–26]. 
Recently, single plasmonic nanoparticle based resonant scat-
tering analytical technique using dark-field light scattering 
spectroscopy, which is the most straightforward mean for 
characterizing the LSPR spectra of single plasmonic nano-
particles, gains much attention. This technique makes dark- 
field images with a very low background, thus creating high 
signal-to-noise spectra of single nanoparticles. Furthermore, 
it has high spectral resolution, thus enables to reduce the 
absolute detection limit. By using single plasmonic nano-
particles, researchers developed dielectric environment change, 
plasmon coupling, and plasmon resonance energy transfer 
based sensing methods as well as chemical reaction recorders, 
as discussed below. 
2.1  Dielectric environment change 
Single plasmonic nanoparticles react to local dielectric 
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nanoenvironment changes in their surroundings and show a 
shift of scattering spectrum [27,28]. Biochemical molecules 
always have higher refractive index (RI) than that of sur-
rounding medium (always water) of plasmonic nanoparti-
cles. Thus, their adsorption enables the local RI of single 
nanoparticles to increase, inducing the scattering spectrum 
to redshift. This phenomenon forms the principle of using 
single nanoparticles for biochemical sensing [29–45]. The 
LSPR light scattering spectral shift (max) induced by RI 
change, such as adsorbates can be expressed as 
      d2 /max adsorbate medium 1 e d 1m n n [46], 
where m represents the sensitivity factor and ld is the decay 
length of electromagnetic field, both of which are deter-
mined by nanoparticle parameters, such as composition, 
size, and shape. nadsorbate is the RI of adsorbate, which has 
the effective thickness expressed as d. nmedium is the RI of 
the medium surrounding the nanoparticles. For a given na-
noparticle in water, max is determined by nadsorbate and d of 
adsorbates, in other words, by the molecular size of adsorb-
ates. Thus, adsorption of biomolecules, such as proteins and 
DNAs will provide larger max than small molecules. 
For the sensing purpose, Van Duyne and McFarland [28] 
used single Ag nanoparticles as optical sensors for sensing 
the adsorption of thiols. Proof-of-concept experiment shows 
that the LSPR scattering spectrum of an Ag nanoparticle 
shifts to red direction as the RI of its dielectric environment 
increases, and the max shows a good linearity with the RI. 
To further study the sensing ability of single Ag nanoparticles, 
the adsorption of 1-hexadecanthiol (1-HDT) was probed. 
Formation of a 1-HDT layer on a single Ag nanoparticle 
leads to a spectral shift of greater than 40 nm, which corre-
sponds to the detection of fewer than 60000 molecules of 
1-HDT. Similarly, Raschke et al. [38] constructed such a 
typical single nanoparticle platform for detecting biomole-
cules. Biotinylated single Au nanospheres were used as 
plasmonic nanosensors, and specific binding of streptavidin 
to biotinylated single Au nanospheres changes their sur-
rounding RI, which led to a redshift of scattering spectrum. 
The minimum detectable max corresponds to about 1.0 
mol/L of streptavidin. Thereafter, single Au nanorods and 
Au nanostars were employed for streptavidin detection us-
ing the same strategy with the detection limit of about 1.0 
nmol/L [30] and 0.1 nmol/L [29], respectively. These re-
ports predict that the particle shape has great effect on the 
sensing ability of single plasmonic nanoparticle, which was 
further proven by investigating the shape dependent RI sen-
sitivity of Au nanoparticles [18,47]. Additionally, this kind 
of single nanoparticle sensors can be used as molecular rul-
er for measuring the DNA length in nano scale and detect-
ing the nuclease activity [42]. 
Such a single nanoparticle sensors can also be employed 
for sensing hydrogen, which, as well-known, is an explosive 
gas when its concentration exceeds 4%. Thus, detection of 
hydrogen is a wide-concerned and vital safety issue. For this 
reason, Alivisatos groups [41] developed an Au antenna 
enhanced hydrogen sensing method using Pd nanoparticles 
at the single nanoparticle level. Pd nanoparticles can absorb 
and react with hydrogen to form Pd hydride, which changes 
their electrical and dielectric properties, in a reversible 
manner. This forms the basis of using Pd nanoparticles for 
hydrogen sensing. However, the scattering light of single Pd 
nanoparticle, barely visible, has very broad resonant Ra-
leigh scattering spectrum. These properties block the using 
single Pd nanoparticles for hydrogen sensing. To address 
this problem, the authors employed Au nanoparticles as the 
enhanced hydrogen sensors because they scatter strongly in 
visible region and have marrow scattering band. Adsorption 
of hydrogen on Pd nanoparticle changes the dielectric envi-
ronment of single Au nanoparticles and induces a shift in 
scattering spectrum for hydrogen sensing. Additionally, the 
authors found that the distance between Pd and Au antenna 
and the shape of Au antenna have great effect on the sens-
ing capacity. Further work reported by them carefully stud-
ied the shape-dependent hydrogen uptake trajectories from 
individual Au/Pd core-shell nanoparticles, monitoring by 
dark-field spectroscopy [32]. And an interesting find was 
that shape, faceting, and Pd shell thickness of Au nanoparti-
cles play great role on hydrogen uptake trajectories. Fur-
thermore, by using dark-field microscopy, the generation of 
hydrogen is monitoring by single nanoparticle probes [33].  
In the most cases, single plasmonic nanoparticles sensing 
needs to scanning the scattering spectra of single nanoparti-
cles with dark-field microscopy and spectroscopy, which 
are complicated to operate. To address this problem, we can 
develop new methods that can be extended and carried out 
in common laboratories. In this aspect, our group proposed 
a novel method of RGB analysis using individually color- 
coded plasmonic Au nanoparticles [48], as shown in Figure 
2. Scattering light colors of single Au nanoparticles were  
 
Figure 2  Scheme of the dark-field scattering imaging and RGB analysis 
for molecular binding studies based on the tricolor (RGB) system of an 
individual scattering color-coded plasmonic nanoparticle. After the binding 
of thiol molecules to a plasmonic nanoparticle, the RGB values of its scat-
tering light color changes. This forms the basis of using single plasmonic 
nanoparticles for RGB analysis. Reprinted with permission from Ref. [48], 
Copyright 2011 Royal Society of Chemistry. 
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coded with the tricolor (RGB) system by assigning digital 
values to R, G and B. Knowledge is that the scattering light 
color of a plasmonic nanoparticle is RI dependent. Namely, 
the RGB values of single Au nanoparticles were RI de-
pendent. Following proof-of-concept experiment showed 
that R value increased and G value decreased as the RI in-
creases. Based on this, the binding of thiol molecules onto 
single Au nanoparticles was investigated through RGB 
analysis. 
2.2  Plasmon coupling 
When a plasmonic nanoparticle approaches in close to an-
other one, their plasmonic oscillations couple together, termed 
as plasmon coupling. When plasmon coupling occurs, the 
scattering spectrum of a single nanoparticle shifts towards 
longer wavelength and shows a significant color change of 
scattering light [42,49,50]. In such case, He groups [51] 
developed a sensitive method for single molecule sensing 
through the scattering light color differentiation of single 
plasmonic nanoparticles. The authors synthesized spectrally 
uniform Au nanoparticles and Au/Ag/Au nanoparticles, 
which were then conjugated with two probe DNAs. In the 
presence of target DNA, sandwich hybridization pulled na-
noparticles in close proximity to form dimers or oligomers. 
Plasmon coupling of nanoparticles induced color change of 
scattering light of single plasmonic nanoparticles, which can 
be observed using a conventional dark-field microscope 
combining with truecolor CCD camera. In contrast, disas-
sembly of coupled nanoparticles shows a blue-shift of scat-
tering light. Based on this, Lee groups [52] proposed a col-
orimetric method for biomolecules detection. Firstly, core- 
satellite Au nanoassemblies were prepared through biotin- 
streptavidin interaction with a peptide spacer of ten amino 
acids. After exposure of the assemblies to trypsin, peptides 
were cleaved and satellite Au nanoparticles disassembled 
apart from the surface of core Au nanoparticle. In such case, 
plasmon coupling between core and satellite Au nanoparticles 
was removed, resulting in the scattering light color change, 
which enables colorimetric detection of the protease.  
Traditional Föster resonance energy transfer (FRET) is 
accepted by researchers and used to measure the interactions 
and conformational changes of molecules at the nano scale, 
always shorter than 10 nm. Alternatively, plasmon coupling 
can be employed to develop long range molecular rulers 
because it is a function of particle separation [50,53–59]. In 
other words, the plasmon coupling strength that determines 
the magnitude of the spectral shift and intensity increase is 
distance dependent. More importantly, particle separations 
of about 2.5 times of nanoparticle diameter (always longer 
than 10 nm) still lead to a measureable plasmon shift [53]. 
Thus, the plasmon coupling based molecular ruler has the 
advantage of longer detection range, and it can be employed 
as molecular rulers to break through the distance limit of 
FRET based molecular rulers.  
Alivisatos groups [60] designed a plasmon ruler to inves-
tigate the dynamics of DNA hybridization by monitoring 
the distances between single Au or Ag nanoparticle pairs. 
At first, the authors constructed Au and Ag nanoparticle 
pairs through biotin-streptavidin interaction with a 33 bases 
DNA spacer (Figure 3(A)). Comparing with individual na-
noparticles, Au and Ag nanoparticle pairs scatter stronger 
and longer wavelength lights under dark-field microscope 
due to plasmon coupling (Figure 3(B) and (C)). Corre-
spondingly, the LSPR scattering spectra shift towards red 
direction (Figure 3(D)). And the spectral shift for Ag nano-
particles is 102 nm, much larger than 23 nm of Au nanopar-
ticles. This result indicates that Ag nanoparticles are pre-
ferred to be used for designing plasmon rulers. Then, the 
plasmon ruler was used to study the distance change in-
duced by the ion strength of the incubation buffer. The plas-
mon resonance shifted to blue in buffer with low salt con-
centration (0.005 mol/L), suggesting the increase of parti-
cles separation resulted from reduced electrostatic repulsion.  
 
Figure 3  Color effect on directed assembly of DNA-functionalized Au 
and Ag nanoparticles. (A) First, nanoparticles functionalized with strep-
tavidin were attached to a glass surface coated with BSA-biotin (left). Then, 
a second particle is attached to the first particle, again via biotin-streptavidin 
binding (right). The biotin on the second particle is covalently linked to the 
3′ end of a 33 base pair long ssDNA strand bound to the particle via a thiol 
group at the 5′ end. Inset: principle of transmission DFM. (B) Single Ag 
particles appear blue (left) and particle pairs appear blue-green (right). The 
orange dot in the bottom comes from an aggregate of more than two parti-
cles. (C) Single Au particles appear green (left), Au particle pairs appear 
orange (right). Inset: representative transmission electron microscopy im-
age of a particle pair to show that each colored dot comes from light scat-
tered from two closely lying particles, which cannot be separated optically. 
(D) Representative scattering spectra of single particles and particle pairs 
for Ag (top) and Au (bottom). Ag particles show a larger spectral shift (102 
nm) than Au particles (23 nm), stronger light scattering and a smaller 
plasmon line width. Reproduced with permission from Ref. [60], Copyright 
2005 Nature Publishing Group. 
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When the salt concentration was restored to original value 
(0.1 mol/L), redshift of scattering spectrum was observed. 
Furthermore, the nanoparticle pairs were used as molecular 
rulers for detecting DNA hybridization. Due to double 
strands DNA is much stiffer than single strand DNA, the 
nanoparticle pair was pushed apart and the particle separa-
tion increased after hybridization, and thus a significant 
blue-shift was observed. By monitoring the change of scat-
tering spectrum of a single particle pair, the dynamic of 
DNA hybridization can be recorded in real-time. Thereafter, 
such nanoparticle pairs were served as plasmon rulers to 
study the kinetics of DNA bending and cleavage by re-
striction enzymes in vitro [61], and crown nanoparticles 
were used as plasmon ruler for light scattering imaging of 
caspase-3 activation at early-stage in living cells [62]. 
2.3  Plasmon resonance energy transfer (PRET) 
In 2007, Lee groups [63] observed the plasmon resonance 
energy transfer (PRET) for the first time from single plas-
monic nanoparticles (donors) to its surface adsorbed bio-
molecules (acceptors). Similar with Föster resonance energy 
transfer (FRET), PRET occurs when the LSPR light scat-
tering spectrum of the donor nanoparticle overlaps with the 
absorption spectra of the adsorbed molecules. Although the 
mechanism of PRET is not clearly understood up to now, it 
seems that the energy (scattering light) transfers through the 
interaction between the plasmon resonant dipole of the 
plasmonic nanoparticle and the molecular dipole of the ad-
sorbed molecules.  
When PRET occurs, the LSPR scattering light of a single 
nanoparticle is quenched and shows a spectral quenching 
dip [63] or decrease of scattering intensity [64,65] deter-
mined by the absorption spectral broadness of the energy 
acceptor molecules. Cytochrome c, a metalloprotein, has 
narrow absorption band of both reduced (central at 525 and 
550 nm) and oxidized (central at 530 nm) state, overlapping 
with the LSPR light scattering spectrum of a 30 nm Au na-
noparticle ranging from 530 to 580 nm (Figure 4(A) and 
(D)). When reduced cytochrome c molecules coupled to a 
30 nm Au nanoparticle surface, distinct resonant quenching 
dips at about 525 and 550 nm were observed in its scatter-
ing spectrum due to PRET (Figure 4(B) and (E)). As the 
same, resonant quenching dips at about 530 nm was ob-
served in the scattering spectrum after oxidized cytochrome 
c was coupled to single Au nanoparticles (Figure 4(C) and 
4(F)). While no scattering quenching dips were observed 
from control experiments: peptide coated 30 nm Au nano-
particles (Figure 4(G)), cytochrome c coated large Au na-
noparticles (Figure 4(H)), cytochrome c coated polystyrene 
nanoparticle (Figure 4(I)). These results indicated that the 
requirements of the spectral overlapping and the presence of 
excited free electrons are necessary for the occurrence of 
PRET.  
Thereafter, PRET-based spectroscopic imaging method 
was developed for monitoring the fluctuations of intracellu-
lar cytochrome c in real time in living cells by exploiting 
quenching dips which results from the selective energy 
transfer from single Au nanoparticle to cytochrome c [66]. 
As the same, researchers developed PRET based single na-
noparticle sensors for quantitative detection of metal ion [64] 
and explosives [65]. This method offers high spatial resolu-
tion, provides high sensitivity, and shows high selectivity 
for analytical purposes. Generally, this detection mode is 
based on the coordination chemistry of targets with their 
ligands. For example, Lee groups [65] used a Cu2+ ligand, 
which has no absorption band overlapping with the resonant 
scattering band of 50 nm Au nanoparticles. Thus, no PRET 
was observed when the ligands were coupled to Au nano-
particles. While, exposure of the ligand modified single Au 
nanoparticles to Cu2+, PRET occurred and showed a de-
crease of scattering intensity resulted from the formation of 
Cu2+-ligands complex, which has broad adsorption band 
overlapping with the scattering spectra of 50 nm AuNPs. 
Similarly, cysteine modified Au nanoparticles were used as 
single PRET based nanosensors for 2,4,6-trinitrotoluene 
(TNT) detection.  
2.4  Chemical reaction recorders 
Metabolism in organisms involves in many biochemical 
reactions, which are critical for energy exchange and drugs 
screening. However, in-situ measurement of biochemical 
reaction remains a fundamental challenge for most re-
searchers nowadays. LSPR spectrum of a single plasmonic 
nanoparticle is sensitive to its surrounding changes, such as 
electron injection and metal atoms deposition. Thus, we can 
clearly understand the chemical reaction by monitoring the 
scattering spectrum of a single plasmonic nanoparticle. As 
reported by Mulvaney groups [67], the electron injection 
and extraction of an Au nanorod were monitored during a 
redox reaction of ascorbic acid by dissolved oxygen on its 
surface and the kinetics of atomic deposition onto a single 
Au nanorod were further studied. As the reaction time pro-
longs, the spectra shifted blue of about 20 nm in the first   
3 min, indicating the electrons are injected. Then, it reached 
a plateau, suggesting that the Au nanorod had the highest 
electron density. Thereafter, the light scattering spectra of 
the single Au nanorod red-shifted back to the initial value. 
And the calculated electron injected rate was 4600 electrons 
per second.  
Then, single Au nanorods were used to observe the dep-
osition of Au atoms generating from chemical reaction by 
monitoring the changes of resonant Raleigh scattering spec-
trum. The deposition of Au atoms onto the Au nanorod tips, 
the lowest energy surfaces, induces the aspect ratio of single 
Au nanorods to increase and thus shows a redshift of scat-
tering spectrum. As shown in Figure 5(A), after exposure of 
Au nanorods to the grow solution containing CTAB, HAuCl4 
and ascorbic acid, the scattering spectrum of a single Au  
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Figure 4  Experimental results of PRET from single AuNP to conjugated cytochrome c molecules. (A–C) The Rayleigh scattering spectra of three 30 nm 
AuNPs coated with (A) cysteamine only, (B) cysteamine and reduced cytochrome c, and (C) cysteamine and oxidized cytochrome c. Insets: truecolor scat-
tering images of individual nanoparticles. Scale bars, 2 mm. (D) The bulk visible absorption spectra of oxidized (blue solid line) and reduced (red solid line) 
8 mmol/L cytochrome c using conventional UV-vis absorption spectroscopy. Dashed lines were drawn to facilitate identification of peak wavelengths. (E) 
Fitting curve for the spectrum in (B). Green solid line, fitting curve of the raw data; yellow solid line, Lorentzian scattering curve of bare Au nanoparticle; 
red solid line, processed absorption spectra for reduced conjugated cytochrome c (green minus yellow curve). (F) The fitting curve for the spectrum in (C). 
Blue solid line, processed absorption spectra for oxidized conjugated cytochrome c (green minus yellow curve). (G–I) PRET spectra of (G) Au nanoparticle 
coated with Cys-(Gly-Hyp-Pro)6 peptide, (H) cytochrome c on large Au nanoparticle, and (I) cytochrome c on a 40 nm polystyrene nanoparticle. Reproduced 
with permission from Ref. [63], Copyright 2007 Nature Publishing Group.
nanorod shifted towards red direction as the time get longer, 
which can also see from Figure 5(B). While the control ex-
periment show no spectral shift. Using DDA for calculation, 
the Au nanorod has aspect ratio of 2.87 (Figure 5(C)), 
which changed to 3.01 after the deposition of Au atoms on 
its tips. Thus, the redshift in scattering spectrum is resulted 
from the gradual increase of aspect ratio of Au nanorod. 
The relationship between plasmon band maximum and as-
pect ratio (Figure 5(D)) further approves the above conclu-
sion. The increase in aspect ratio corresponds to the deposi-
tion of ~50000 atoms for an 8 min reaction time or just 
~100 atoms of Au every second.  
Similarly, Long groups [68] used single Au nanoparticles 
for the real-time detection of NADH-dependent intracellular 
metabolic enzymatic pathways, which is an important  
processes and plays an critical role in many metabolisms of 
organism. Au catalyzed reduction of Cu2+ ions by NADH 
generates Cu0, which then deposited onto Au nanoparticles  
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Figure 5  Growth of a single Au nanorod. (A) Evolution of the scattering spectrum of an Au nanorod (aspect ratio 2.87) after a growth solution containing 
CTAB, HAuCl4 and ascorbic acid (reducing agent) is added. Spectra are normalized and the full lines are the Lorentzian fits to the experimental data. (B) SP 
band shift as a function of time for the growth experiment and for a control experiment. The error bars represent the error in determining the peak position 
from the Lorentzian fitting procedure. (C) Typical discrete dipole approximation (DDA) target constructed to simulate hemispherically capped Au nanorods 
containing 52000 dipoles and aspect ratio of 2.87. (D) Predicted SP position versus aspect ratio for hemispherically capped rods in a medium with relative 
permittivity m=2.025 based on DDA results. Reproduced with permission from Ref. [67], Copyright 2008 Nature Publishing Group.  
to form Au/Cu core-shell nanostructures. These core-shell 
nanoparticles have longer scattering bands comparing with 
single bare Au nanoparticles. And in the absence of NADH, 
no spectral shift was observed. The magnitude of spectral 
shift is reaction time and NADH concentration dependent. 
As the reaction time prolongs or the NADH concentration 
increases, the spectrum shifts to longer wavelength. Then, it 
was extended to investigate the metabolism in cancer cells, 
and especially, the effect of anticancer drugs on the cell 
metabolism was studied. In addition, single nanoparticle 
spectroscopy can be used to study the oxidation of single Cu 
nanoparticles [69]. 
3  Single plasmonic nanoparticle tracking 
Quantum dots (QDs), the mostly used nanoparticles for 
tracking the dynamic events in vivo, attract great attention in 
recent years [70,71]. However, QDs always suffer from the 
disadvantages of high cytotoxicity, hard modification. With 
the development of nanotechnology, plasmonic nanoparti-
cles are gradually accepted by researchers and used as opti-
cal probes for imaging because they possess the following 
advantages. (1) They scatter strong light. For a 60 nm Au 
nanoparticle, the molar extinction coefficient () is 6.33× 
1011 L/(mol cm) and the light scattering yield (s) is 0.313 
[2]. Thus, the light scattering power equals to s= 
1.98×1011 L/(mol cm), five orders of magnitude higher 
than the light producing power of fluorescein. (2) The scat-
tering light is tunable in the UV-visible-infrared region. 
Light wavelength scattering from metal nanoparticles is 
determined by their compositions, sizes, shapes, and sur-
rounding mediums. For example, 40 nm Ag nanosphere 
scatters blue light; 50 nm Au nanosphere scatters green light; 
and 100 nm Ag triangular prism scatters red [72]. Thus, we 
can synthesize nanoparticles with rainbow scattering light 
by controlling their sizes and shape [15,73]. (3) Their scat-
tering lights are stable and anti-photo bleaching, which ena-
bles long-term imaging. (4) They have low cytotoxicity, 
compared with QD. (5) They are facile to be synthesized 
and modified with biochemical molecules, such as DNA 
and proteins. These properties enable metal nanoparticles to 
be nice candidates as optical probes for cell/tissues imaging 
[74–78].  
Nam and Yang [79] developed a method for detecting the 
receptor-ligand interaction by tracking the scattering signals 
of single Au nanoparticles. In this work, the authors con-
structed a cell membrane mimicking lipid bilayer on glass 
slide for cholera toxin detection by tracking the trajectories 
of single membrane bound Au nanoparticles using dark- 
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field microscopy. In the presence of cholera toxin, the dif-
fusion coefficients of single membrane bound Au nanopar-
ticles were reduced resulted from the decreased fluidity of 
lipid bilayer due to the specific interaction of cholera toxin 
with ganglioside GM1 in the membrane. This forms the ba-
sis of receptor-ligand interactions detection through single 
nanoparticle tracking. And by increasing the mobility of 
lipid tethered Au nanoparticles, the sensitivity can be fur-
ther improved. Further find was that paucivalent Au nano-
particles show higher diffusion coefficients than that of 
multivalent Au nanoparticles on the lipid bilayer. The de-
tection limit for cholera toxin is 10100 pmol/L, >100-fold 
higher than fluorescence signal-based detection methods. 
By tracking the scattering spectra of single nanoparticles, 
one can get the location and nanoenvironment information 
of single nanoparticles in living cells, which may help to 
know the intracellular pathways of single nanoparticles and 
for further biomedical imaging and disease diagnosis. For 
this reason, Asahi groups [80] developed a confocal Ray-
leigh scattering spectroscopic imaging system to real-time 
tracking the spectra and spatial positions of single Au na-
noparticles to reveal their interaction with living mouse fi-
broblast cells in vivo. Due to the difference of RI of the lo-
cal environment out of or in cells and the plasmon reso-
nance peak wavelength of an Au nanoparticle is sensitive to 
its local environment, the Rayleigh scattering spectra of a 
single Au nanoparticle showed rapid spectral changes when 
they enter and then leave the vicinity of cell organelles and 
membranes. These variations constitute the basis of using 
single nanoparticles for tracking their interaction with and 
transportation in cells. Combining with a confocal Rayleigh 
scattering spectroscopic imaging system, the authors can 
observe the intracellular movement of a typical ~80 nm 
nanoparticle in a fibroblast cell. And the recorded scattering 
spectral maximum wavelength of the nanoparticle further 
reflects the changes in the cell local environment and 
demonstrates the interaction mechanism of single nanopar-
ticles with cells. Observation was that scattering maximum 
wavelength shifted to the red of 12 nm along with a de-
crease of the depth of the particle at 28 min, followed by a 
return to its initial state after 5 min. This can be explained 
by one of the tracking case: an increase in the RI of local 
environment after the particle penetrates in the membrane of 
the cell (or early endosome), because it may be closely 
packed by a lipid double layer.  
In addition, our group [81] developed a novel single na-
noparticle probes for intracellular prion protein imaging and 
single nanoparticle spectral analysis at the same time, as 
displayed in Figure 6. Aptamer that specifically recognizes 
prion protein was conjugated to Ag nanoparticles through 
streptavidin-biotin chemistry. The prepared optical probes 
were stable and biocompatible, which were then used for 
intracellular prion protein imaging and spectral analysis. 
After incubation of the conjugates with human bone marrow 
neuroblastoma (SK-N-SH) cells, scattering light from single 
Ag nanoparticles in living cells could be clearly observed  
 
Figure 6  Schematic illustration of apt-Ag nanoparticle probes for simultaneous intracellular protein imaging and single nanoparticle spectral analysis. 
Aptamer conjugated Ag nanoparticle were prepared through streptavidin-biotin chemistry. Then, the aptamer conjugated Ag nanoparticles were applied as 
biocompatible probes for imaging prion protein in SK-N-SH cells. The scattering spectra of single Ag nanoparticles that internalized the cell are shown. 
Reproduced with permission from Ref. [81], Copyright 2010 American Chemical Society. 
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using a common dark-field microscope. Negative controls 
by incubating of ployT17 and streptavidin conjugated Ag 
nanoparticles with live cells under the same conditions 
showed that there was no significant number of bound Ag 
nanoparticles in the cells. These results told that our pre-
pared optical probes could specifically target prion protein 
in living cells. Further single nanoparticles spectral analysis 
suggested that the potential use of plasmonic nanoparticles 
as nanosensors for single nanoparticle sensing in living cells. 
Finally, the intracellular pathway of aptamer conjugated Ag 
nanoparticles was investigated using TEM imaging. The 
results indicated that the caveolae-related endocytosis is 
likely a necessary pathway for the internalization of aptamer- 
Ag nanoparticles in SK-N-SH cells.  
4  Summary and outlook 
In summary, this mini review summarizes the single scat-
tering particles based analytical techniques, including single 
scattering particles counting, single plasmonic nanoparticle 
sensing, and single plasmonic nanoparticle tracking. And 
our focus is emphasized on the discussion of the techniques 
combining with dark-field microscopy and resonant Ray-
leigh scattering spectroscopy, such as single RI change 
based sensing platforms, plasmon coupling based molecular 
rulers, PRET based single nanosensors, and LSPR based 
biochemical reaction recorders. In the near future, the re-
search focus of single scattering particles based analytical 
techniques, in our opinion, will continuously concern with 
the following aspects.  
(1) Screening highly sensitive single nanoparticle sensing 
units with high spectral resolution by constructing light 
scattering imaging tree, similar with mass spectral trees [82]. 
Well-known is that shape has great effect on the RI sensi-
tivity. Thus, to push the detection limit further lower, nano-
particles of new structures with higher aspect ratio and 
shaper corner can be synthesized and used as single sensing 
units. In addition, improvement of the sensitivity of the op-
tical detector, the sensitivity of single particle nanosensors 
can be further improved. 
(2) Design of plasmon coupling based long range molec-
ular rulers. This kind of molecular rulers breaks through the 
distance limit, always shorter than 10 nm, of traditional 
FRET based molecular rulers. Thus, plasmon molecular 
rulers can be widely used for measuring the molecular in-
teractions and conformational changes in long range from 
several nm to hundreds of nm. 
(3) Study of PRET. On one hand, research concern will 
focus on the design of PRET based single nanoparticle sen-
sors for sensitive and selective detection of biochemical 
molecules in vivo. On the other hand, as a new energy 
transfer form, to the best of our knowledge, only four re-
ports were published on this topic up to now. But the theory 
about PRET, such as the distance and orientation effect on 
the efficiency of PRET, is not fulfilled, and to clearly un-
derstand PRET, careful study should be made in the near 
future. 
(4) Real-time monitoring biochemical reaction in vivo. 
Biochemical reactions play a critical role on the metabolism, 
energy generation and exchange in the biosystem. By real- 
time monitoring the scattering feature changes of single 
plasmonic nanoparticles in vivo, we can learn the critical 
biochemical reaction in biosystem, which may in turn pro-
vide a new opportunity for drug screening, disease diagno-
sis, and cancer therapy.  
(5) Real-time tracking dynamic events using single 
plasmonic nanoparticles in vivo. Presently, QDs are the 
mostly used optical probes for single particle tracking in 
vivo. However, the disadvantages from them make us need 
to search for better optical probes. In this aspect, plasmonic 
nanomaterial is a nice choice. In addition, the light source 
for dark-field light scattering imaging is so weak to damage 
live cells during long time imaging. Plus their excellent 
scattering property, it is reasonable to believe that plas-
monic nanoparticles used as light scattering probes for im-
aging will become another research focus. 
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